Cancer cachexia (CC) is a multifactorial syndrome with an unknown etiology. The primary symptom is the progressive reduction of the body weight. Recently, downregulation of adipogenic and lipogenic genes were demonstrated to be early affected during cachexia progression in adipose tissue (AT), resulting in AT remodeling. Thus, this study aimed to evaluate in a co-culture system the influence of the Lewis Lung Carcinoma (LLC) tumor cells (c/c-LLC) in an established preadipocyte cell line 3T3-L1 adipogenic capacity. c/c-LLC in the presence of 3T3-L1 caused a reduction in lipids accumulation, suggesting that secretory tumor cells products may affect adipogenesis. Interestingly, a very early (day 2) downregulation of proliferator-activated receptor gamma (PPARg) and CCAAT/ enhancer-binding protein alpha (C/EBPa), followed by late genes (day 4 and 8), adiponectin, perilipin, and fatty acid-binding protein 4 (FABP4). Caspase-3 expression was increased on the last day of cell differentiation; it occurred in the expression of pro-inflammatory cytokines interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a). Overall, our results suggest that LLC secretory products impair adipocyte differentiation in a co-culture system and increased apoptosis. In summary, our study has shown the inhibition of the adipogenic process in the 3T3-L1 co-culture system with LLC cells.
Introduction
Cancer cachexia (CC) is described as a complex, multifactorial syndrome with a difficult treatment that directly impacts in the patient's quality of life (Fearon et al., 2012; Tsoli and Robertson, 2013; Blum et al., 2014) . The main symptoms include involuntary and progressive body weight loss, anorexia, disruption of energy metabolism, systemic inflammation and deficiency in immune system function, which makes CC responsible for the deaths of 22e40% of cancer patients (Argiles et al., 2003; Tsoli et al., 2014; Seelaender et al., 2015; Batista et al., 2016) . During the development of CC, many organs are affected, such as liver, brain, immune system, heart, skeletal muscle and adipose tissue (AT) (Batista et al., 2012a; Porporato, 2016) . The depletion of fat mass occurs faster than the observed in skeletal muscle, which suggests that AT is affected early during the syndrome (Fouladiun et al., 2005; Das et al., 2011) . A conceivable explanation is the down-regulation of pro-adipogenic transcription factors, i.e., peroxisome proliferator-activated receptor gamma (PPARg) and CCAAT/ enhancer-binding protein alpha (C/EBPa), phenotypic proteins, i.e., perilipin, fatty acid-binding protein 4 (FABP4), triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) (Bing and Trayhurn, 2009 ) directly influenced by the production of inflammatory cytokines due to immune cell infiltration (Henriques et al., 2017) . Those are two significant events during the AT remodeling induced by cancer cachexia (Batista et al., 2016; Franco et al., 2017) . AT atrophy and its consequent remodeling is worsened by the due to increased lipolysis and decreased lipogenesis in adipocytes (Ryden et al., 2008; Batista et al., 2012a; Henriques et al., 2017) . Impairment in the balance between the preadipocytes that entering in adipogenesis process and mature adipocytes that are undergoing apoptosis, a process known as cell turnover has been recently demonstrated in AT from an animal model of cancer cachexia (Arner and Spalding, 2010; Franco et al., 2017 ).
In addition, several studies have emphasized the relationship between weight loss, with a high concentration of inflammatory cytokines present in serum and tissue of animal models and CC patients, such as interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-a) (Tsoli and Robertson, 2013; Argiles et al., 2014; Camargo et al., 2015) . Both adipocytes and tumor cells can secrete pro-inflammatory cytokines, which together establish several different functions, such as cell cycle control, apoptosis signals, and control of the hormones expression that regulate energy balance (Trayhurn and Wood, 2004; Camargo et al., 2015) . Inflammatory signals from tumors intersect with the normal cross-talk between adipose tissue and other organs, leading to impaired energy balance and catabolism of fat and muscle (Tsoli and Robertson, 2013; Seelaender et al., 2015) . In the same way, in the setting of cancer cachexia, IL-6 and TNF-a are considered to be critical drivers of lipolysis and fat depletion, with recent evidence of AT production of these cytokines. Such scenario is followed by increased recruitment of inflammatory cells that could account for the elevated circulating levels of IL-6 observed in CC patients (Batista et al., 2012b (Batista et al., , 2013 (Batista et al., , 2016 and animal model (Bing et al., 2006; Tsoli and Robertson, 2013) .
It has been previously reported that pro adipogenic transcription factors as PPARg and C/EBPa, are downregulated in the initial stage of the CC syndrome in visceral fat depots, even before the local AT and systemic inflammation installation (Batista et al., 2012a) . This downregulation suggests that other factors may be involved in reducing expression of these genes, at least during the early stages of the disease. However, this phenomenon was not studied at cellular levels using in vitro model.
In this study, we evaluated whether co-culture with Lewis Lung Carcinoma (LLC) tumor cells per se may influence the adipogenesis process, in particular addressing the production of inflammatory cytokines by both tumor and 3T3-L1 cells. (Ailhaud, 2001) . A photographic record was conducted on days 0, 2, 4 and 8 of differentiation. At the last day of the differentiation, the protocol was adopted staining by Oil Red-O.
Materials and methods

Cell culture
Oil Red-O staining
After differentiation protocol, lipid levels of newly differentiated adipocytes were quantified using the Oil Red-O staining (Amresco, Solon, OH, USA, Cat. No. 0684). Cells were washed with phosphate-buffered saline (PBS), fixed in 10% formalin for 30 minutes at 37 C; the cells were washed with water and incubated for 5 minutes with 60% isopropanol. Subsequently, the isopropanol was discarded and the cells were incubated for 5 minutes with a solution of Oil-Red-O. The stained cultures were washed several times with water to be removed from all dye residue; stained cells were visualized by light microscopy with the photographic record, then the triacylglycerol (TAG) colored in red was quantified at 490 nm in Synergy H1
(Biotek, Winooski, VT, EUA).
Gene expression analyses
Total RNA was extracted and purified from 3T3-L1 samples using the RNeasy Mini 
Western blot analyses
The protein samples were extracted and purified through the speaker system 500 Vivaspin MWCO PES (GE Healthcare, Piscataway, NJ, USA, Cat. No. 28-9322-37).
Western blot analyses were performed as described (Batista et al., 2012a 
ELISA
Cytokines IL-6 (M6000B), TNF-a (MTA00B) and adiponectin (MRP300) levels in the culture medium were detected by commercial cell culture kit by enzymaticcolorimetric ELISA according to the manufacturer's instructions (R&D Systems, Minneapolis, MN, USA).
Statistical analyses
Data analysis was performed using GraphPad Prism software 6 (GraphPad, San Diego, CA, USA). The mean and AE standard error (SE) of the mean were calculated for all variables used. We used ANOVA two-way followed by Tukey's post-test for comparison of more than 2 averaged over time; the significance adopted was p < 0.05.
Results
LLC co-culture system reduces adipogenesis
3T3-L1 preadipocytes were grown to confluence, exposed to c/c-LLC (day -2) and two days later (day 0) both cells were exposed to DIM. Later, we analyzed temporally (days 0, 2, 4 and 8) the differentiation potential of preadipocyte 3T3-L1 cells by inducing them in the appropriate media into adipocytes. DIM-induced the adipogenic process in 3T3-L1 as expected (Ailhaud, 2001; Alonso-Vale et al., 2009; Vernochet et al., 2009 ) and cells showed a progressive morphological change in the co-culture system (Fig. 1 A) . Differentiated cells stained positive with Oil
Red-O stain at day 8 ( Fig. 1 B) ; the concentration of dye present in TAG accumulation of adipocytes were evaluated. At the end of the adipogenic protocol (day 8), there was a decreased of 36.2% (p ¼ 0.004) in lipid accumulation in c/c-LLC cells when compared to controls (Fig. 1 C) . Data showed that c/c-LLC were sufficient to inhibit the cellular differentiation process.
LLC affects the intermediary/late genes related to adipogenic process
To evaluate the main genes that participate in the adipogenic process during the development of cellular differentiation, we determined the mRNA expression on days 0, 2, 4 and 8 of several genes related to adipocyte phenotype such as Pref-1 (a marker of non differentiated adipocyte), C/EBPb (adipogenic protein related to early adipogenesis), PPARg and C/EBPa (responsible for differentiation and maturation of adipocytes), and FABP4, perilipin, and adiponectin (mature adipocyte phenotype markers). Our data show that the c/c-LLC had an inhibitory effect on the expression of key genes involved in cell differentiation, i.e., PPARg, C/EBPa, perilipin and FABP4 (Fig. 2 CeF). Interestingly, there was a reduction in the expression of PPARg (76.1%, p ¼ 0.02) on day 4 (Fig. 2 D) and C/EBPa on day 4 (86.6%, p ¼ 0.0003) and day 8 (90.9% p ¼ 0.005) of the differentiation period in their respective controls (Fig. 2 C) . Regarding the genes related to mature phenotype, perilipin expression showed downregulation of 98.4% on day 2 (p < 0.001), day 4, 96.5% (p ¼ 0.0004) and day 8, 98.8% (p ¼ 0.0001) (Fig. 2 F) and, FABP4 downregulated 81.6% (p ¼ 0.004) on day 4 and 91% (p ¼ 0.0068) on day 8 (Fig. 2 E) , both compared to their respective controls. These data suggest the products secreted by c/c-LLC may affect intermediary and late genes expression during adipogenesis. and HSL (100%, p < 0.0001) (Fig 3 AeB) .
C/c-LLC induces apoptosis in 3T3-L1
At the end of the cell differentiation protocol, we evaluated the expression levels of one the proteins participating in the cell death signaling pathway, caspase-3. On day eight there was a trend toward to increase of 2.2-fold, (p ¼ 0.05) in the cleaved form of the protein (Fig. 3 C) , suggesting that c/c-LLC not only inhibits adipogenesis but also stimulates apoptosis, possible compromising AT turnover.
C/c-LLC increases the secretion of inflammatory factors
The next step was to analyze temporally pro-inflammatory secretion in the culture medium during the adipogenic protocol with c/c-LLC. Thus, we assessed on days 0, 4 and 8, the main cytokines present in the CC syndrome, such as TNF-a and IL-6. During the adipogenic process, the levels of TNF-a in culture medium showed large increased from day 4 (4.7-fold, p ¼ 0.0007) when compared to their respective control (Fig. 4 B) . However, there was no difference in the preadipocyte TNF-a gene expression between control and c/c-LLC during differentiation period (Fig. 4 E) . The secretion of IL-6 showed an increase from day 8 (p < 0.0001) when compared to respective control (Fig. 4 A) . IL-6 gene expression in the preadipocytes from c/c-LLC showed upregulation observed on the eighth day of differentiation (Fig. 4  D) . Adiponectin was also evaluated in the culture medium, showing decreased secretion in c/c-LLC on fourth and eighth day, 57.1% (p < 0.003) and 20.9% (p < 0.0001) respectively (Fig. 4 C) . Gene expression of the adiponectin showed downregulation from day 8 (p ¼ 0.0003) when compared to controls (Fig. 4 F) .
Discussion
The downregulation of adipogenic factors and possible impairment of adipogenesis in response to the presence of CC has been recently reported (Bing et al., 2006; Batista et al., 2013) . In this regard, despite adipocyte atrophy, and AT remodeling are well characterized in cachexia (Bing et al., 2006; Batista et al., 2016) , there is no consensus if such effects induced by cachexia would be a result of secreted products directly by the tumor and tumor Â host relation. Thus, we have analyzed in vitro adipogenesis in a co-culture system to mimic the effects of CC on adipocytes. In the present study, co-culture of LLC promoted a decreased volume of the lipid droplets in 3T3-L1 cells, compromising its maturation process (adipogenesis) in vitro. This result was followed by downregulation of adipogenic and lipolytic genes expression, increased in apoptosis markers and proinflammatory cytokines secretion by both tumor cells and adipocytes. In this sense, taken together, these data suggest that the presence of the tumor cells were able to inhibit the adipocytes maturation with was associated with the increased levels of inflammatory cytokines.
In a co-culture system, the adipogenesis induced in 3T3-L1 cells was categorically inhibited. As far as we know, this was the first study that showed this effect directly induced by LLC cells. Also, we evaluated Pref-1 gene expression to label the preadipocytes not compromised with adipogenesis (O'Connell et al., 2011) . In this way, we demonstrated that both analyzed condition (with or without LLC) suspended the expression of Pref-1 during the development of differentiation, indicating that both conditions were committed to adipogenesis, with no effect of LLC. C/ EBPb is a well-known trigger of early adipogenesis being rapidly expressed in the first 4 hours after induction and responsible for driving C/EBPa and PPARg expression (Prusty et al., 2002; Farmer, 2005) . In our co-culture system, C/EBPb expression in differentiating adipocytes was not altered when compared to their respective controls, indicating that the tumor cell did not influence the early phase of differentiation. On the other hand, the data presented here differ with those observed in the animal model. Bing et al. (2006) , showed a reduction of C/EBPb expression in mice bearing a MAC16 tumor. According to the authors, the reduction of CCAAT/enhancer-binding protein and PPARg family proteins impair the maintenance of the mature adipocyte phenotype, thereby aggravating the cachectic condition (Bing et al., 2006) . The PPARg and C/EBPa factors are described as key regulators of adipogenesis since they participate in the expression of the other proteins responsible for the mature adipocyte phenotype (Cristancho and Lazar, 2011) . Temporally, C/EBPb is directly linked to the expression of C/EBPa, in which it participates in the expression of PPARg remaining self-regulated until the end of differentiation (Cristancho and Lazar, 2011) . In the present study, inhibition of PPARg and C/EBPa was observed in the presence of LLC from the fourth day of differentiation, which corroborates the down-regulation of these proteins observed in AT from animal (in vivo) models of induced cachexia (Bing et al., 2006; Batista et al., 2012a; Tsoli et al., 2014) . In addition, we show that such impairment occurs in intermediate-late events of differentiation, not at the early events.
Seeking for further information regarding on adipogenesis inhibition, we have analyzed some mature adipocytes markers, such as; FABP4, perilipin, HSL, and ATGL. All those markers showed reduced protein expression throughout the differentiation period, which demonstrate the inhibition of the adipocyte maturing process by LLC. These data suggest that the reduction of fat droplets observed in adipocytes is due to the non-maturation of the adipocyte, and not through the process of increased lipolysis, which is considered to be one of the main factors responsible for the reduction of AT (Ryden et al., 2008; Tsoli et al., 2016) .
The maintenance of cellularity (or cell viability) was also addressed and c/c-LLC induced increase in both total and cleavage of the caspase-3 protein, suggesting increased apoptosis. Interestingly, in Walker-256 tumor-bearing rats, a reduction of the Pref-1/Adiponectin ratio and an increase in the activation of caspase-3 were demonstrating in retroperitoneal AT, suggesting an impairment of the cellular turnover induced by CC. However, further studies should be performed actually to check for apoptosis pathway modulation in adipocytes during CC.
Studies that emphasize the inhibition of the adipogenic process by-products secreted by tumor cells have demonstrated that such effect may occur due to the release of exosomes derived from tumor cells (Wang et al., 2017) . As well as the secretion of pro-inflammatory cytokines such as TNF-a, which is described by inhibiting the adipogenic process by inhibiting PPARg expression (Meng et al., 2001; Ruan et al., 2002) . Furthermore, considering that cell differentiation and apoptosis process could be controlled by proinflammatory cytokines (Coppack, 2001) , the next step was to evaluate the main proinflammatory cytokines described as responsible for the depletion of AT during cancer cachexia, in particular, IL-6 and TNF-a (Batista et al., 2013; Tsoli and Robertson, 2013) . In cachexia induced tumorbearing mice (LLC cells), both cytokines are increased in plasma levels (data not shown). Thus, to verify the possible origin of IL-6 and TNF-a secretion in the culture medium (adipocyte or LLC), the gene expression and cytokines secretion (culture medium) from adipocytes was evaluated during cellular differentiation. IL-6 gene expression was performed at different set points, together with the quantification of its secretion. Both results indicated high levels of this cytokine from mature adipocytes, corroborating the hypothesis that the adipose cell is an essential source of IL-6. Interestingly, previous results from our group have demonstrated that subcutaneous adipose tissue is an important source of IL-6 in cancer patients with cachexia. Moreover, this cytokine has a positive correlation with mass body reduction and tumor staging (Batista et al., 2013) .
Differently from the IL-6 response, although TNF-a secretion was increased in the culture medium, TNF-a gene expression in adipocytes was not modified during adipogenesis. Interestingly, the data suggest that TNF-a secretion is primarily performed by LLC, not by adipose cells. It is known that LLC is a potent producer of TNF-a (Kim et al., 2009 ) and other studies emphasize its inhibitory role in adipocyte maturation through the negative regulation of PPARg and C/EBPa expression (Warne, 2003; Cawthorn et al., 2007) . According to Cawthorn et al. (2007) , the antiadipogenic action of TNF-a occurs through the activation of tumor necrosis factor receptor 1-mediated death domain where it increases the activity of TCF4-dependent transcriptional and stabilization of beta-catenin, which in turn inhibits the expression of PPARg and C/EBPa in 3T3-L1 cells (Cawthorn et al., 2007) . In cancer cachexia patients, these circulating levels of TNF-a are elevated, but not correlated with clinical markers of cachexia (Batista et al., 2013) . In this study, we did not evaluate the involvement of pathways involved in the inhibition process, nor even the participation of other inflammatory cytokines expressed by the tumor cell or present in the cachexia.
Conclusion
In summary, our study has shown the inhibition of the adipogenic process in a 3T3-L1 co-culture system with LLC cells, which occurred in parallel with the increase of inflammatory cytokines (TNF-a and IL-6) present in the culture medium. The secretion of IL-6 showed the contribution from adipocytes. TNF-a was predominantly produced by tumor cells, suggesting the participation of both cell types in the secretion of inflammatory cytokines into the culture medium. Finally, these results reinforce the importance of a better understanding of the interaction between the host and tumor for the study of cancer cachexia.
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